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Carbon-based magnetic structures promise significantly longer coherence times than traditional 
magnetic materials, which is of fundamental importance for spintronic applications. An elegant 
way of achieving carbon-based magnetic moments is the design of graphene nanostructures 
with an imbalanced occupation of the two sublattices forming the carbon honeycomb lattice. 
According to Lieb's theorem, this induces local magnetic moments that are proportional to the 
sublattice imbalance. Exact positioning of sublattice imbalanced nanostructures in graphene 
nanomaterials hence offers a route to control interactions between induced local magnetic 
moments and to obtain graphene nanomaterials with magnetically non-trivial ground states. 
Here, we show that such sublattice imbalanced nanostructures can be incorporated along a large 
band gap armchair graphene nanoribbon on the basis of asymmetric zigzag edge extensions, 
which is achieved by incorporating specifically designed precursor monomers during the 
bottom-up fabrication of the graphene nanoribbons. Scanning tunneling spectroscopy of an 
isolated and electronically decoupled zigzag edge extension reveals Hubbard-split states in 
accordance with theoretical predictions. Investigation of pairs of such zigzag edge extensions 
reveals ferromagnetic, antiferromagnetic or quenching of the magnetic interactions depending 
on the relative alignment of the asymmetric edge extensions. Moreover, a ferromagnetic spin 
chain is demonstrated for a periodic pattern of zigzag edge extensions along the nanoribbon 
axis. This work opens a route towards the design and fabrication of graphene nanoribbon-based 
spin chains with complex magnetic ground states.  
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Interest in magnetism of graphene-based materials stems from their low spin–orbit coupling and a small 
natural concentration of nuclear spins of carbon, which are beneficial for long spin coherence times1,2. 
However, establishing non-trivial magnetic ground states in graphene materials requires a careful design 
of specific nanostructures down to atomic level and still remains a challenge3. According to Lieb’s 
theorem, the ground state of a bipartite lattice possesses a total spin of S = |NA–NB|/2, where NA and NB 
are the number of carbon atoms belonging to sublattice A and B, respectively4. This simple relation 
provides a rule of thumb for predicting the total magnetic moments of graphene nanostructures. Recent 
experimental realizations of such systems include hydrogen5 chemisorption and atomic vacancy 
formation6,7 in graphene. Both structural modifications induce suppression of a pz orbital and hence an 
effective local sublattice imbalance, giving rise to localized spin-polarized states. Recently, small 
nanographenes with inherent sublattice imbalance, such as triangulene-based structures, have been 
synthesized, which reveal an electronic structure that is compatible with a magnetically non-trivial 
ground state8,9. For triangulene dimers as well as for Clar’s goblet, a nanographene where topological 
frustration leads to unpaired electrons, an antiferromagnetic ground state has recently been 
demonstrated via inelastic spin excitation spectroscopy10–12. A natural next step is the incorporation of 
such magnetically non-trivial building blocks into structurally well-defined one-dimensional structures. 
Here, graphene nanoribbons (GNRs) might suit as one-dimensional scaffolds that enable atomically 
precise positioning of specific edge extensions hosting localized electronic states along the ribbon 
backbone. Interactions between these localized states could hence be precisely controlled via structural 
design and give rise to predictable complex magnetic ground states and excitations that solely depend 
on the interaction pattern of the localized states. So far, spin-polarized states have only been reported 
for zigzag-edge GNRs13, chiral  GNRs junction14 as well as termini of armchair GNRs15, and very recently 
the boron substituted GNR16. However, a specific structural motif inducing localized spin-polarized 
states within the bulk of GNRs, as is needed for the construction of GNR-based spin chains with 
controllably interacting magnetic moments along the GNR backbone, has still remained elusive. Among 
the variety of conceivable spin chains17,18, all with their specific scientific interest and potential 
technological relevance, a ferromagnetic spin chain would be particularly appealing but has remained 
experimentally challenging. 
The realization of such systems requires the synthesis of GNR structures with atomic precision, which 
can be achieved via on-surface synthesis19–22. This bottom-up fabrication approach recently gave 
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access to a wide range of GNRs including width-modulated GNRs with topological boundary states23,24. 
A few prototypical GNRs have furthermore been investigated on thin NaCl layers, which gives access 
to their intrinsic electronic properties13,25,26. This has been achieved through STM-based 
manipulation15,27 and turns out to be particularly important for GNRs hosting localized end states where 
correlation-induced spin-polarization is suppressed due to the interaction with metallic growth 
substrates28.  
In this work, we fuse a naphtho group on the 7AGNR edge to introduce a zigzag edge extension 
(structure in Fig. 1a) that locally creates a sublattice imbalance of |NA–NB| = 1 along the backbone of a 
wide bandgap 7-atom-wide armchair GNR (7AGNR). STM-based manipulation has been applied to 
transfer edge-extended 7AGNRs from their Au(111) growth substrate onto NaCl islands. This allows for 
scanning tunneling spectroscopy (STS) characterization of their intrinsic electronic properties, which 
reveals spin-split states as a result of Coulomb electron-electron interactions, fully consistent with our 
mean-field Hubbard (MFH) modelling. Charge doping of the edge extension upon interaction with a 
metal surface has also been studied via STS experiments and MFH models. Importantly, various 
coupling configurations of the edge extensions could be realized along the 7AGNR backbone, for which 
different magnetic ground states are predicted depending on the relative alignment of adjacent zigzag 
edge extensions. We demonstrate the realization of three different configurations of zigzag edge 
extensions leading to either ferromagnetic, antiferromagnetic or quenching of magnetic coupling. 
Furthermore, fabrication of a prototypical spin chain with predicted ferromagnetic long-range order is 
demonstrated. 
7AGNR with asymmetric zigzag edge extension. We first consider a 7AGNR with a single edge 
extension (structure highlighted by a dashed rectangle in Fig. 1a). The edge extension has an 
asymmetric shape with a zigzag-type head and a cove-type tail (Fig. 1a) and extends the 7AGNR 
backbone by 5 carbon atoms. This inevitably breaks the sublattice balance of the pristine armchair GNR 
backbone with |NA – NB| = 1 and is expected, according to Lieb's theorem, to induce a local magnetic 
moment with S = 1/2. We first examine the electronic properties of the edge-extended 7AGNR within 
the nearest-neighbour tight-binding (TB) model. The TB energy spectrum reveals a zero-energy state 
within the band gap of the 7AGNR backbone that is localized at the edge extension (Fig. 1b). In the next 
step, electron-electron interactions are considered by adding the on-site Coulomb repulsion U (Hubbard 
term, U = 3 eV) in the MFH model. As a result, the zero-energy state splits into a singly occupied state 
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and a singly unoccupied state (with an energy gap, Hub, of 0.34 eV) due to the high local density of 
states (LDOS) at the Fermi level (Fig. 1b and 1c)29. To fabricate such structure, we have designed a 
molecular precursor, 6,11-bis(10-bromoanthracen-9-yl)-1-methyltetracene (1), where 
cyclodehydrogenation and oxidative ring closure of the methyl group is expected to afford a short zigzag 
edge segment that smoothly bridges the anthracene and tetracene segments 23,30. Importantly, it can be 
assumed that 1 can be seamlessly integrated into 7AGNRs since its conformation at the surface is 
expected to be closely related to 10,10'-dibromo-9,9'-bianthracene (2, Fig. 1d), the building block for 
7AGNRs31. The synthesis and characterization of precursor 1 are reported in the supplementary section 
1. For the on-surface synthesis of the edge-extended 7AGNRs, precursor 1 and 2 are co-deposited onto 
Au(111), followed by annealing to 300 °C to trigger the homolytic cleavage of the C-Br bond and induce 
C-C coupling, and finally oxidative cyclization (Fig. 1d)32,33. By adjusting the relative coverage of 1 and 
2 on the surface, the density of zigzag edge extensions along the 7AGNR backbone can be controlled. 
A typical STM image of an isolated edge extension and a large-scale STM image are displayed in Fig. 
1d and Fig. 1e, respectively. The bright protrusion in Fig. 1d is caused by the non-planar geometry of 
the cove edge, arising from the steric hindrance between two close-by hydrogens, and has an apparent 
height of ~2.6 Å (1.7 Å for the pristine 7AGNR). 
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Fig. 1 GNR edge extension and the Hubbard-split zero-energy state. a, Schematic structure of the 
proposed asymmetric edge extension (indicated by a dashed rectangle) along a 7AGNR backbone, 
which induces a local sublattice imbalance of 1 and a resulting total spin S = 1/2. Filled and open circles 
represent A and B sublattice atoms, respectively. The 7AGNR backbone is shown in grey. b, Energy 
spectrum of the structure shown in a based on nearest-neighbour TB and MFH calculations. c, Chemical 
structure of the edge extension and the wave function of the zero-energy state (|𝝍𝒁𝑬⟩. Marker size and 
colour indicate the wave function amplitude and parity, respectively). d, Synthetic route towards the 
edge-extended 7AGNR on Au(111), and the corresponding STM image (Vs = -0.5 V, It = 300 pA)  with 
superimposed structural model. Scale bar: 1 nm. e, A large-scale STM image of a typical sample (Vs = 
-1 V, It = 30 pA).  
To access the intrinsic electronic properties of the edge extension (i.e. to prevent charge transfer and 
hybridization with the electronic states of the underlying metal surface), we have initially fabricated the 
GNR structures on Au(111) followed by deposition of a submonolayer of NaCl. Subsequently, STM 
manipulation, as demonstrated earlier for pristine 7AGNRs15, was applied to transfer a short 7AGNR 
exhibiting a single edge extension onto a NaCl monolayer island (Fig. 2a). Fig. 2a and 2b show STM 
images of the edge-extended 7AGNR before and after the manipulation-based transfer from Au(111) 
onto the NaCl island. A first indication for efficient electronic decoupling from the metal substrate is the 
increased contribution of the electronic frontier states of the edge-extended 7AGNR to the STM images. 
Differential conductance (dI/dV vs V) and current (I vs V) spectra have been simultaneously acquired 
on the edge extension to access its electronic properties. The spectra reveal a broad gap region of low 
conductance (current spectrum in blue) and two peaks centered at -0.2 V and 0.6 V (dI/dV spectrum in 
red), respectively (Fig. 2c). STM images taken at bias voltages corresponding to the positive and 
negative ion resonances are in good agreement with the MFH simulated LDOS maps of the Hubbard-
split singly occupied and unoccupied states, respectively (Fig. 2d). For direct comparison, the calculated 
energy spectrum and density of states of the same edge-extended 7AGNR segment are displayed 
together with the experimental dI/dV spectrum in Fig. S9. It is noteworthy that the Hubbard-split states 
of the zigzag edge extension have the same origin as the zigzag end state of the 7AGNR15 which stems 
from the local sublattice imbalance, while showing a smaller (transport) gap on NaCl/Au(111) (0.8 eV vs 
1.9 eV). The strength of the Coulomb interaction and the spatial localization of a spin-polarized state in 
graphene systems determine the magnitude of the corresponding (transport) gap6,7,34, with stronger 
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localization leading to a larger Hubbard gap35. For the zigzag edge extension investigated here, the 
spatial extension of the spin-polarized state is estimated to be ~ 2 nm based on STM imaging (Fig. 2d), 
which is favorable for magnetic coupling between distant spin centers. 
 
Fig. 2 Electronic properties of the edge-extended 7AGNR on NaCl/Au(111). Schemes and STM 
images a, before and b, after transferring an edge-extended 7AGNR segment from the Au(111) surface 
onto a NaCl insulating layer by STM manipulation (a: Vs = -0.1 V, It = 10 pA; b: Vs = -0.5 V, It = 5 pA). 
Scale bar: 1 nm. c, Differential conductance (dI/dV-V) and simultaneously acquired current (I-V) spectra 
recorded above the edge extension (indicated by a red cross in b), revealing a Hubbard gap of ~0.8 eV. 
d, STM images acquired at 0.6 V and -0.15 V, and the corresponding MFH simulated LDOS maps. 
Scale bar: 1 nm. 
It is known that localized magnetic moments in graphene structures can be modified by chemical doping 
or electric fields36,37. We also studied the electronic properties of the edge-extended 7AGNRs on 
Au(111). Here, the work function difference between Au(111) (~ 5.3 eV)38 and graphene-based materials 
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(~ 4.5 eV)39 entails hole doping of the zero-energy state40 (a schematic drawing of the energy level 
alignment for GNR on Au(111) is displayed in Fig. S10). For a large enough electron/hole doping, both 
the spin-up and spin-down levels can be filled/emptied, and the spin-split states will thus become 
degenerate which leads to a nonmagnetic ground state5,28. The effect of hole-doping can be simulated 
by removing electrons in our MFH calculations. As plotted in Fig. S11a, the energy gap gradually 
collapses with increasing hole doping. The spin-up and spin-down levels are fully degenerate after 
extracting one electron from the system, resulting in a non-magnetic ground state.  
This simple theoretical picture is nicely confirmed by dI/dV spectra acquired on edge-extended 7AGNRs 
adsorbed on Au(111) (Fig. S11b). The Hubbard-split states observed on NaCl at positive and negative 
bias are now degenerate, and only a single sharp peak appears just above the Fermi level (centered at 
20 mV), showing that the state is unoccupied in line with recent observations by Rizzo et al30. The 
spectrum on the 7AGNR backbone reveals the same valence and conduction band onsets as the 
pristine 7AGNR40. The LDOS of the degenerate (positively charged) state and of the frontier bands were 
experimentally examined by dI/dV maps acquired at the corresponding energies (Fig. S11c). These 
maps agree very well with the corresponding simulated LDOS maps (Fig. S11d) of the hole-doped edge-
extended 7AGNR (with one electron removed from the system).  
Coupled edge extensions and their magnetic interactions. The spatial extension of the spin-
polarized states (as estimated from Fig. 2d) is well suited to achieve electronic and magnetic coupling 
between adjacent edge extensions along the 7AGNR backbone. As fundamental building blocks in this 
regard, we explored the three possible dimer configurations comprising two adjacent edge extensions 
on opposite sides of the 7AGNR backbone, which are the ones that are exclusively observed 
experimentally. Figure 3a displays the three dimer configurations and indicates the corresponding 
overall sublattice imbalance and hence the expected local magnetic moment for each dimer. The first 
dimer configuration (D1, cove-to-zigzag) has a sublattice imbalance of 2, which, according to Lieb’s 
theorem, leads to S = 1, while both the second (D2, cove-to-cove) and third (D3, zigzag-to-zigzag) 
configurations have balanced sublattice occupations, yielding S = 0. The electronic structures of the 
different dimer configurations are investigated by both TB and MFH calculations (Fig. 3b and 3c). Two 
zero-energy states resulting from the edge extensions are observed in the TB energy spectrum for D1 
and D2 configurations (with D2 having a small energy splitting of ~48 meV). The on-site Coulomb 
interaction included in the MFH model lifts the degeneracy of the zero-energy states and opens a gap 
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for D1 and D2. Two pairs of singly occupied and unoccupied states are therefore formed with each 
occupied state having the same wave function as one of the unoccupied states (cf. a full set of wave 
function plots in Fig. S12), indicative for an open-shell character of dimer configurations D1 and D2. In 
clear contrast, the D3 configuration does not possess zero-energy states in its TB energy spectrum. The 
frontier states have a substantial energy gap resulting from considerable hybridization between the zero-
energy states of the involved edge extensions. This energy gap remains unchanged when considering 
Coulomb repulsion in the MFH approximation, corroborating a closed-shell configuration with non-equal 
bonding and antibonding states and absence of spin polarization (Fig. S13). For the open-shell 
configurations we find by MFH that D1 favors ferromagnetic ordering of the magnetic moments by 12 
meV, as compared to antiferromagnetic ordering (Fig. S13). This is consistent with Lieb’s theorem, 
which predicts a triplet configuration (S = 1) based on the overall sublattice imbalance of |NA – NB| = 2. 
In clear contrast, the D2 configuration favors antiferromagnetic coupling with a total spin of S = 0 (3 meV 
more stable than the ferromagnetic configuration, Fig. S13), again in line with Lieb's theorem when 
considering the absence of an overall sublattice imbalance for this dimer configuration. Fig. 3c and 3d 
illustrate the simulated wave functions of low-lying states and the spin density distributions by MFH, 
respectively, for all the structures considered. For the D3 configuration, a strong hybridization between 
the two edge extensions is evidenced by the clear delocalization of the resulting wave functions, implying 
a closed-shell configuration. All these results are further supported by our spin unrestricted DFT 
calculations (Fig. S14).   
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Fig. 3 Electronic and magnetic properties of coupled zigzag edge extensions. a, Schematic 
structure of an isolated edge extension and three dimer configurations (dashed boxes) embedded in a 
7AGNR. Filled and open circles represent A and B sublattice atoms, respectively. S indicates the total 
spin number. b, Nearest-neighbour TB (black lines, U = 0 eV) and MFH energy spectrum (red and blue 
lines, U = 3 eV) of the corresponding structures. c, Wave functions of the low-energy states for the 
corresponding structures simulated by MFH. Red/blue markers denote opposite signs of wave functions. 
d, Spin density distribution of the corresponding structures by MFH. Red/blue isosurfaces denote spin 
up/spin down channels. The size of the spheres indicates the weight of spin densities (in units of the 
Bohr magneton μB). e, Constant current (CC) STM images (from left to right: Vs = -0.5 V, It = 300 pA; Vs 
= -1 V, It = 500 pA; Vs = -1 V, It = 500 pA; Vs = -0.85 V, It = 550 pA) and constant height (CH) STM 
images (Vt = 20 mV) of the corresponding structures on Au(111). Scale bars: 1 nm. 
Experimentally, the three dimer structures D1, D2 and D3 can be obtained by increasing the relative 
coverage of molecule 1 with respect to 2. Fig. 3e displays STM images obtained from the corresponding 
structures on Au(111). Differential conductance spectra acquired over the edge extensions allow to 
access their electronic properties (Fig. 4a and 4b), which reveals that the electronic properties of the 
isolated edge extension and the D1 and D2 dimer configurations are very similar with one sharp peak 
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centered around 20 mV. This observation implies that both dimers D1 and D2 are hole doped as in the 
case of the isolated extension on Au(111). On Au(111), the states that are spin-polarized in gas phase 
are thus degenerate due to electron transfer to the metal surface. The constant-height STM images at 
20 mV display similar spatial distributions of the charge-depleted states for the single extension and the 
two dimer configurations D1 and D2 (Fig. 3e). Nonetheless, magnetic order of the two dimers should be 
restored upon electronic decoupling from the metal surface, exactly as in the case of the single extension 
(Fig. 2). On the other hand, the D3 configuration reveals a clearly different spectroscopic signature with 
two new peaks (Fig. 4b) and absence of the state at 20 mV, as also evidenced by the constant-height 
STM imaging at 20 mV (Fig. 3e). This is in line with the hybridization of the two edge extension states 
and the formation of a hybridization gap as predicted by the calculations (D3 configuration in Fig. 3). The 
resulting electronic structure is thus closed-shell, and non-magnetic. In Fig. S15, we examine the two 
hybridized states by comparing their STS maps with the simulated LDOS maps.  
 
Fig. 4 Electronic characterization of the coupled edge extensions. a, Constant-current STM images 
of the isolated edge extension (1) and the three dimer configurations D1, D2 and D3 (from top to bottom: 
Vs = -0.5 V, It = 300 pA; Vs = -1 V, It = 500 pA; Vs = -1 V, It = 500 pA; Vs = -0.85 V, It = 550 pA). Scale 
bars: 1 nm. b, dI/dV spectra taken on the four structures as indicated by markers with corresponding 
colours in a. The gray dashed line denotes the Fermi level.  
Finally, we have further investigated the periodic extension of the ferromagnetically coupled D1 dimer, 
i.e. a GNR structure with cove-to-zigzag facing edge extensions placed regularly along the 7AGNR 
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backbone (Fig. 5a). The DFT computed electronic properties of this GNR structure in gas phase reveals 
an appealing ferromagnetic ground state (Fig. 5c). The GNR has a similar gap as the ferromagnetic 
dimer (D1 configuration) but clearly dispersing frontier occupied and unoccupied states. Experimentally, 
such structure can be fabricated by the homocoupling of 1 followed by cyclodehydrogenation on Au(111) 
(Fig. 5a). A typical STM image of a sample prepared in this way is shown in Fig. 5b. Considering the 
synthetic approach, it is clear that the relative alignment of adjacent edge extensions cannot be 
controlled, but will yield a stochastic distribution of above discussed dimer configurations. Nevertheless, 
it is possible to find segments with periodic sequences of the D1 motif and to investigate their electronic 
properties (STM image in Fig. 5d and dI/dV spectra in Fig. 5e). It is evident that the periodic segment 
exhibits one sharp state at 20 mV, in analogy to the ferromagnetically coupled dimer configuration D1 
discussed above. Again, hole doping due to adsorption on the Au(111) surface quenches spin 
polarization, which can, however, be restored with electronic decoupling of the GNR. On a rather 
fundamental level, this proves that long-range ferromagnetically ordered spin chains can be realized 
with a periodic arrangement of asymmetric zigzag edge extensions along a GNR backbone.  
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Fig. 5 Spin chains with periodically arranged edge extensions. a, Synthetic route towards the GNR 
with regularly placed edge extensions. b, Overview STM image of the sample (Vs = -1 V, It = 150 pA). 
c, Spin-polarized DFT calculation of the band structure of the GNR, revealing a ferromagnetic ground 
state. The dashed line indicates the Fermi level. d, Left: Close-up STM image of a GNR, with a regular 
segment of all D1 configurations highlighted by a dashed rectangle (Vs = -0.5 V, It = 400 pA). Right: 
Constant-current STM image acquired at 20 mV (It = 80 pA). Scale bars: 1 nm. e, dI/dV spectra taken 
over different edge extensions on the periodic segment, as indicated by the colored crosses in d. 
Conclusions 
In conclusion, we have synthesized 7AGNRs with fused naphtha groups, forming asymmetric zigzag 
edge extensions that give rise to a local sublattice imbalance of 1 and related localized zero-energy 
states. Electronic decoupling of a 7AGNR containing a single zigzag edge extension via STM-based 
manipulation onto a NaCl island reveals splitting of the zero-energy states with an energy gap of 0.8 eV. 
MFH and DFT simulations of the edge extension rationalize this energy splitting by correlation-induced 
spin-polarization with a local spin of S = 1/2. This magnetic state is quenched by hole doping upon direct 
adsorption on the Au(111) substrate. We have furthermore produced three different dimer configurations 
of coupled zigzag edge extensions which reveal ferromagnetic, antiferromagnetic or quenching of 
magnetic order depending on the relative orientation of the asymmetric zigzag edge extensions with 
respect to each other. Finally, a prototypical example of a ferromagnetic GNR spin chain comprising a 
regular sequence of S=1/2 edge extensions is presented. These results are important for the 
understanding and further exploration of this class of new materials which may be of interest in future 
quantum technologies. 
Methods 
STM/STS and nc-AFM characterization. A commercial low-temperature STM/AFM (Scienta Omicron) 
system was used for sample preparation and in situ characterization under ultra-high vacuum conditions 
(base pressure below 1×10-10 mbar). Au(111) single crystal was cleaned by standard argon sputtering 
and annealing cycles. Deposition of the molecular precursors was carried out by thermal evaporation 
from a 6-fold organic evaporator (Mantis GmbH). STM images were recorded in constant-current mode 
unless otherwise stated, and the dI/dV spectra and maps were recorded using the lock-in technique 
(Urms = 20 mV).  
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Tight-binding calculations. The calculations of the molecular -electron system have been performed 
by numerically solving the MFH Hamiltonian Ĥ considering only the C 2pz orbitals:  
Ĥ = −𝑡 ∑ 𝑐𝑖,𝜎
† 𝑐𝑗,𝜎
− + 𝑈 ∑〈𝑛𝑖,𝜎〉𝑛𝑖,?̅?
𝑖,𝜎
− 𝑈 ∑〈𝑛𝑖,↑〉〈𝑛𝑖,↓〉
𝑖〈𝑖,𝑗〉,𝜎
 
With 𝑐𝑖,𝜎
†
 and 𝑐𝑗,𝜎
−  denoting the spin selective (𝜎∈{↑,↓}, and ?̅? denotes spin opposite to σ) creation and 
annihilation operators on site 𝑖 and 𝑗. 𝑡 is the nearest-neighbour hopping parameter. The correlation 
effect is accounted by adding the Coulomb on-site energy U, 𝑛𝑖,𝜎 denotes the number operator and 
〈𝑛𝑖,𝜎〉 denotes the mean occupation number at site 𝑖. Throughout this work we used t = 3 eV and U = 3 
eV. 
DFT calculations. Band structures were calculated with the Quantum Espresso software package41 
using the PBE exchange-correlation functional42. The plane wave basis with an energy cutoff of 400 Ry 
for the charge density was used together with PAW pseudopotentials (SSSP)43 and a Monkhorst k-mesh 
of 10 x 1 x 1. The geometry and cell of the periodic structures were relaxed until all forces were below 
0.005 eV/Å. The calculations were performed within the AiiDA platform44. 
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